show that disuse atrophy derives from a complex interaction of activity and neural influences.
In most years, food supplies fail by early December, and the grebes move to wintering areas farther south. In the fortnight or so before their departure, the grebes metabolize much of the accumulated fat reserves, and their body weights drop from 550-600 g to approximately 400 g. At the same time, exercise flapping of the wings becomes obvious, and the flight muscles hypertrophy and exceed the size found in newly arrived birds in late summer (Jehl 1988). We report here cellular measurements and changes during the atrophy-hypertrophy sequence.
METHODS AND MATERIALS
Birds were taken throughout the autumn migration period. It was not possible to collect selectively for age, sex, or condition of molt. Most were shot, but a few had recently died of natural causes. Measurements from the naturally deceased specimens were confined to muscle and body mass. All birds were weighed, and the entire breast-muscle mass (pectoralis and supracoracoideus) was removed from one side and weighed. Small strips from various portions of the pectoralis were fixed in a modified Karnovski (paraformaldehyde-glutaraldehyde) fixative buffered with 0.1 M phosphate, pH 7.2, and then stored in phosphate buffer. Tissue for histochemistry was frozen in dry-ice chilled methyl butane and transported in dry ice. Upon arrival in the laboratory in Columbus, Ohio, it was stored in a low-temperature freezer at -70øC. Frozen 10-gm sections were cut in a Reicheft cryostat and stained for either myofibrillar ATPase activity after acid (pH 4.35) or alkaline (pH 9.7) preincubation (Brooke and Kaiser 1970) or for NADH-TR activity (Lojda et al. 1979 preserved from the 14 October 1986 sample. Samples represent birds that had been in residence on the lake for periods that varied from a few hours to several months. Hence, the variation in these samples was high. The 1 October 1987 sample was the most homogeneous. Examination of the molt patterns showed that all birds in this sample had been on the lake for at least 3 weeks, and all were atrophic.
In 1986, the grebes began their southward migration in October, a month earlier than usual, because brine shrimp numbers declined earlier. In contrast, the following year grebes did not leave Mono Lake until late January 1988. The combination of an unusually early migra- Analysis of covariance.--Of the dependent variables in the ANCOVAs, only muscle weight was significantly heterogeneous with respect to treatment and was so analyzed. All dependent variables showed significant change with respect to date (Table 2) lipid content of the cells also approached significance with respect to body weight. Juvenile birds differ considerably from adults in weight throughout the autumn, averaging 20-30% lighter. ANCOVAs including all specimens generally show an increased significance of date and a decreased significance of body weight as an explanation for variation in all dependent variables. Thus, if juveniles are included, body weight erroneously seems not to be a significant factor for explaining variation in intracellular lipid. When we included juvenile birds in the samples of pectoralis mass, the effect of both date and body weight decreased but both remained significant (P = 0.0235 and 0.0369, respectively).
Body and muscle weights.--The samples used in our study are too small to reveal significant differences related to sex or age. However, juveniles rarely achieve adult weight during autumn (Jehl 1988), and we present data for adults only. Changes of body weight mainly reflect changes of subcutaneous fat content. The arrival weight of adult grebes is ca. 270-300 g. Subcutaneous fat increases gradually throughout the late summer and autumn. By mid-October, most adult grebes weigh 500-600 g. Before migration, body weight decreases to approximately 400 g (Fig. 1) . Through the sampling period, body weight is correlated negatively with measures of flight-muscle weight and cell diameter, percent volume mitochondria, and intracellular lipid ( Table 1 ). The weight of the flight muscles follows an almost opposite pattern (Table 1; Fig.  1 ). The size of these muscles decreases during the late summer and then increases dramatically just before migration.
Myofiber diameter.--Cell diameter correlated strongly with muscle size (Table 1) . Average fiber diameter in September 1986 was smaller than that of the sample taken 6 weeks later. Fiber diameter of the 1987 sample is signifi- Lipid volume density.--The late October 1986 sample shows a large increase of both range and mean value from the August-September sample (Fig. 2) Ultrastructure.--No pathological lesions were observed in any of the pectoralis samples. Specimens with the smallest muscle fibers had a normal muscle ultrastructure and did not differ from specimens with the largest fibers (Figs. 3-7) . Pectoralis muscles were obviously different from leg muscles (Fig. 7) . Cross or longitudinal sections of pectoralis myofibers showed many mitochondria that adhered closely to each other, not only in subsarcolemmal regions, but cen- trally (Figs. 4-6 ). These interconnected mitochondria appeared most frequently in the early autumn samples and were less frequent in both October samples. No interconnected mitochondria were observed in leg muscles. Many of the mitochondria from pectoralis muscles had partition figures or, in a few cases, profiles that pinched in at certain points to divide the mitochondrion into unequal segments. We observed neither of these conditions in leg muscles.
The partitioned mitochondria were long and often branched. The partitions consisted of parallel membranes that were denser than the other cristal membranes. Often the parallel mere- branes were complete, connecting to the outer and inner mitochondrial membranes, producing a figure that appeared as two closely juxtaposed mitochondria. In other profiles, the partitions were incomplete. When mitochondria contained partitions, the cristae within one compartment were arranged at right angles to those of the adjacent compartment.
Histochemistry.--Myosin ATPase activity stains showed the pectoralis to contain a homogeneous population of fast-twitch fibers (Fig. 8) . The NADH-TR activity was also uniformly high, which indicated that all cells were oxidative.
These results concur with those of Rosser and
George (1986) for another species of grebe.
DISCUSSION
Although our data portray the general pattern of events concerning the atrophy and hypertrophy of flight muscles of grebes staying at Mono Lake, it seems prudent to indicate certain events that may have exaggerated some effects. By mid-to late October 1986, brine shrimp numbers dropped to an unexploitable density, which forced birds to anticipate migration. On 14 October, approximately 750,000 birds were present and beginning to exhibit exercise flapping. Breast muscle weight at this time ranged from 11 g to 20 g, with a mean of 13.7 g (Fig. 1) . By 28 October, 500,000 birds had departed, and the breast muscles of most of those that remained were in migratory condition, with muscle weights from 12-26 g with a mean of 20.6 g. Indeed, the only bird with flight muscles of < 17 g also had a remarkably low body mass for that season (340 g vs. mean of 420 g).
The next year, exploitable brine shrimp populations persisted until early January 1988, and few departures occurred before late January. The early October records show a homogeneous population with both body and muscle weights averaging slightly, but not significantly, higher than in mid-October 1986 (Fig. 1) . Thus, despite the unusual conditions later in the season, the 1 October birds were of a physiological condition that fit the pattern seen in 1986 and other years (Jehl unpubl.).
Changes in food availability provide the major cues controlling the behavior of grebes at the staging areas. The ability to fatten quickly shortly after arrival may be the cue to molt (Jehl 1988) and to allow breast muscle to atrophy. Conversely, the shortage of food in late autumn is probably the stimulus to begin to resynthesize flight-muscle tissue. The presence of fat reserves per se cannot be the cue to reduce flight readiness, because the maximum reserves are attained long after muscle atrophy has occurred. Nor does the presence of fat reserves stimulate the rebuilding of muscle tissues; the small muscle mass (Fig. 1) and lack of variation in several measures of muscle size in early October (Fig. 2) , when the birds were obese (Fig.  1) , shows that the birds were unprepared for migration. In rats, type I (slow-oxidative) fibers require 14-28 days to teacquire peak tension capabilities after 60 days of immobilization, and far longer times for longer periods of disuse. The contractile properties of type IIB (fast-glycolytic) fibers appear to be little affected by atrophy, and recovery in diameter is rapid. We did not find data on type IIA (fast-oxidative) cells such as occur in grebe pectoralis, but we may reasonably assume a time course intermediate between those of types I and IIB.
Exercise regimes leading to muscular hypertrophy also vary with fiber-type (McDonagh and Davis 1984). Repetitive exercise with high load conditions normal muscles for strength, whereas more repetitions at lower loads promote endurance capability. Fast-twitch fibers respond more rapidly. As muscles recover from atrophy, they may not require the amount of exercise necessary to promote hypertrophy of normal muscles. Not only might atrophic cells respond more rapidly to stimulus, but it is known that growth of developing muscle in chicks is stimulated by simply stretching (Barnett et al. 1980) . If the 1986 grebe population began to recover in mid-October, then a recovery sufficient to depart in late October would be rapid (especially for birds that had been on the lake for several months), but probably near normal physiological limits.
Decreases in grebe flight muscles cannot be attributed either to food shortage or to demands for shunting limited proteins to other sites in the body. Atrophy here is a matter of reduction, not degeneration. The maintained high density of mitochondria predisposes the cell to rapid growth. Fuel, in the form of intracellular lipid, disappears from cells early in the atrophic process and reappears early in recovery. This pattern has the characteristics expected of an adaptive response to a regularly encountered sequence of events. The response may have evolved from disuse-use conditioning, but appears to have been modified to facilitate recovery. Clearly there is a profound relationship between the stages of the sequence and the "decision" to stay or migrate, but it is unclear which is cause and which is effect. To resolve this conundrum, we must elucidate the nature of the physiologic link between morphology and behavior.
An even greater puzzle is the reason for the prolonged reduction of flight muscles. In the present case, flight muscles (including those in spring migrants that do not breed but spend the summer on the lake) atrophy within a few days of arrival. In autumn, the flight muscles are in prime condition upon arrival, atrophy rapidly, and remain reduced for weeks or months after wing molt is complete until just before migration. For most of autumn the grebes at Mono Lake live in an environment of abundant food (aquatic invertebrates), which is not a limiting resource. The risk of predation is essentially nil, and in any event, grebes escape danger by diving, not by flying. Thus, they have no need to fly for weeks or months. Hence, some reduction in the flight musculature arising from disuse is expected. During this time, however, the grebes lay down huge fat stores, and they should have no difficulty synthesizing
